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Growing evidence connects the progenitor systems of the short-hard subclass of gamma-
ray bursts (GRBs) to the merger of compact object binaries composed by two neutron
stars (NSs) or by a NS and a black hole (BH). The recent observation of the binary
NS (BNS) merger event GW170817 associated with GRB 170817A brought a great deal
of additional information and provided further support to the above connection, even
though the identification of this burst as a canonical short GRB (SGRB) remains uncer-
tain. Decades of observational constraints and theoretical models consolidated the idea
of a jet origin for the GRB prompt emission, which can also explain the multiwavelength
afterglow radiation observed in most of the events. However, the mechanisms through
which a BNS or NS-BH merger remnant would power a collimated outflow are much less
constrained. Understanding the properties of the remnant systems and whether they can
provide the right conditions for jet production has been a main driver of the great effort
devoted to study BNS and NS-BH mergers, and still represents a real challenge from
both the physical and the computational point of view. One fundamental open question
concerns the nature of the central engine itself. While the leading candidate system is
a BH surrounded by a massive accretion disk, the recent observation of plateau-shaped
X-ray afterglows in some SGRBs would suggest a longer-lived engine, i.e. a metastable
(or even stable) massive NS, which would also exclude NS-BH progenitors. Here we
elaborate on this key aspect, considering three different scenarios to explain the SGRB
phenomenology based on different hypotheses on the nature of the merger remnant.
Then, we discuss the basic properties of GRB 170817A and how this event would fit
within the different frameworks of the above scenarios, under the assumption that it was
or was not a canonical SGRB.
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PACS numbers: 04.25.D-, 04.25.dk, 04.30.Tv, 04.40.Dg, 98.70.Rz
1. Introduction
Gamma-ray bursts (GRBs) are bright non-repeating flashes of radiation observed
in the gamma-ray band at a current rate of the order of a few hundreds per year,
characterized by randomly distributed sky positions, a duration from a fraction of a
second up to hundreds or even thousands of seconds, and a diversity of photometric
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and spectral properties. Their extragalactic origin is well established, placing these
events at cosmological distances and implying isotropic-equivalent luminosities up
to ∼ 1054 erg/s (among the most luminous phenomena known in the Universe).
Moreover, they are often followed by afterglow signals across the electromagnetic
spectrum from X-ray to radio wavelengths and covering timescales from tens of
seconds up to several months or more.
Besides the wide range of temporal and spectral properties, a bimodal distribu-
tion based on duration and spectral hardness has been identified: GRBs are now
commonly divided into short-hard and long-soft bursts,1 with a separation around
T90 ≈ 2 s (where T90 is time window containing 90% of the energy released). This
bimodal distribution is indicative of two distinct types of GRBs, associated with
different progenitor systems. Two key observational results allowed to relate long
GRBs (conventionally, those having T90 > 2 s) with the death of massive stars
(“collapsar” model2). First, these events have been observed only in star-forming
galaxies and often found in the brightest star-forming regions within the host galaxy
itself (e.g., Ref. 3, 4). Second and most importantly, a number of direct associations
of long GRBs with type Ic core-collapse supernovae have been collected over the
last 20 years (starting with SN 1998bw5), removing previous doubts on the connec-
tion between the two phenomena. Conversely, the progenitor system responsible for
short GRBs (SGRBs) has not been confidently identified and an association with
core-collapse supernovae seems to be excluded by the observations.
According to the leading explanation, SGRBs are powered by the merger of
compact binary systems composed of two neutron stars (NSs) or a NS and a black
hole (BH). This idea was already put forward before the GRB bimodal distribution
was firmly assessed, based on broadly consistent event rates and the fact that these
systems were compatible with short-duration and powerful central engines, ∼ms dy-
namical timescales, and baryon-poor environments.6–8 Mounting (indirect) evidence
further strenghtened this idea and, at the same time, disfavoured the connection
with core-collapse supernovae. This includes the lack of supernova associations, the
observation in all type of host galaxies (also elliptical galaxies with very low star
formation), and the larger offsets from the center of the host galaxies, indicative of
progenitor systems with large natal kicks and a significant time delay between their
formation and the SGRB event (see, e.g., Ref. 9 and Refs. therein).
An additional indication in support to the above scenario was provided by the ob-
servation of an optical/IR rebrightening in the afterglow emission of the short GRB
130603B, which was tentatively interpreted as a signature of a binary merger.10,11
Binary NS (BNS) and NS-BH mergers are expected to eject a significant amount
of hot and neutron-rich material, either dynamically along with the merger pro-
cess or after merger, via baryon-loaded winds from the remnant system (possibly
a BH surrounded by an accretion disk). Since the early predictions that r-process
nucleosynthesis of heavy elements would take place in these conditions7,12,13 and
that the radioactive decay of these elements could lead to potentially observable
thermal emission,14 it has been clear that the resulting signal, named “kilonova”
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(or “macronova”), should be regarded among the possible electromagnetic counter-
parts to be expected from compact binary mergers along with their gravitational
wave (GW) emission (e.g., Ref. 15). The optical/IR rebrightening of GRB 130603B
was found consistent with a kilonova, suggesting that this burst coincided with a
merger event.
Combined together, the above indications make a very strong case for the merger
progenitor hypothesis, though not conclusive. A smoking gun evidence would be rep-
resented by a SGRB detection in coincidence with the GW signal from the merger.
The first detection of GWs from a BNS mergera on August 17th 2017 (event named
GW170817) by the LIGO Scientific Collaboration and the Virgo Collaboration16
was accompanied by the observation of multiwavelength electromagnetic emission
across the entire spectrum, from gamma-rays to radio, marking also the first multi-
messenger observation of a GW source.17 While the optical/IR signal provided the
first compelling evidence for a radioactively-powered kilonova and confirmed the key
role played by BNS mergers in the production of heavy elements in the Universe
(e.g., Ref. 18, 19, 20, 21, 22, 23, among others), a short-duration gamma-ray signal
(GRB 170817A) emerging less than 2 s after merger24,25 combined with late-time
X-ray, radio, and optical afterglows indicated the presence of a mildly relativistic
outflow interacting with the interstellar medium (e.g., Ref. 26, 27, 28, 29, 30, 31, 32,
33, among others). If this event produced a SGRB, it would represent the smoking
gun evidence we have been waiting for. Nevertheless, as we discuss in a devoted
section of this Paper (Section 3), the properties of the observed gamma-ray sig-
nal combined with other elements (e.g., the viewing angle) still leave some doubts
on whether the merger was accompanied by a “canonical” SGRB (i.e. a GRB that
would have looked like the other known SGRBs if seen with the right viewing angle).
For both types of GRBs, the non-thermal spectra and short variability timescales
of the prompt gamma-ray emission, combined with the huge energy release, point
to a highly relativistic outflow with bulk Lorentz factors Γ & 102 and very low
baryon loading.6 Decades of investigation converged to the idea that GRBs are
associated with relativistic jets, where most of the outflow is initially collimated
within a relatively small opening angle (from a few to about 10 degrees). The jet
framework also explains in a natural way the afterglow emission often observed at
lower energies, from X-rays to radio, as the result of the jet interaction with the
interstellar medium and the consequent production of synchrotron radiation at the
forward-shock (e.g., Ref. 34). This view is further supported by the detection of
an achromatic steepening of the decaying lightcurve in many GRB afterglows (“jet
break”), which offered a way to directly infer the jet opening angles.35,36 Despite
the wide consensus on the above broad picture, the actual GRB phenomenology is
much more complex, with many open questions on the interpretation of both the
prompt and the afterglow radiation (see, e.g., Ref. 37 for a recent review on GRBs
aWe assume here it was a BNS, although a NS-BH binary cannot be completely excluded based
on the GW observation only.
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and jets). The mechanism responsible for the non-thermal gamma-ray emission, for
instance, is not fully understood. The leading model associates the prompt emis-
sion with internal shocks produced within the jet by the collision of outflow shells
launched by the central engine with different Lorentz factors, which results in strong
particle acceleration.38 A possible alternative is that the gamma-ray emission has
instead a photospheric origin (e.g., Ref. 39, 40, 41). The jet composition itself is
also unclear, with the main energy reservoir possibly carried by baryonic matter,
electron-positron pairs, or magnetic fields (e.g., Ref. 37).
The interpretation of GRB data is based on the assumption that the observed
GRBs are seen on-axis, i.e. along a direction contained within the opening angle of
the jet. This leaves an open question on how the GRB outflow is structured at angles
larger than θjet (i.e. outside the high Lorentz factor region) and which kind of signal
would be detected by an off-axis observer (θobs > θjet). As discussed in Section 3,
the answer to this question is key to understand the nature of GRB 170817A, the
peculiar burst accompanying the BNS merger event GW170817.
If we assume a merger origin for SGRBs and based on our current understanding
of their prompt and afterglow emission, we have to conclude that BNS and/or NS-
BH mergers can launch relativistic jets with properties matching the observations,
in terms of energy, terminal Lorentz factor, duration, variability, collimation, and so
on. However, no direct proof exists on theoretical grounds and strong uncertainties
remain on both the underlying physical mechanisms and the nature of the central
engine itself, which could be either a BH surrounded by an accretion disk or a long-
lived massive NS. This represents the most challenging and least understood aspect
of the connection between SGRBs and BNS/NS-BH mergers.
In this Paper, we address the above fundamental issue by elaborating on different
SGRB central engine scenarios proposed in the literature. In particular, we focus the
attention on three main scenarios: (i) the most popular BH-accretion disk scenario,
(ii) the magnetar scenario, (iii) and the so-called “time-reversal” scenario. Note
that most of the current investigation on SGRBs refers to the first two, while the
third was proposed only recently and is further developed here (Section 2.3). Our
discussion takes into account both the current observational constraints and the
most recent theoretical advancements (including the latest results from numerical
simulations of BNS/NS-BH mergers), with the aim of drawing a comprehensible
and up-to-date picture where the strengths and weaknesses of each scenario are
clearly identified. This is the subject of Section 2. Then, in Section 3, we turn to
consider the specific properties of GRB 170817A. This peculiar event may belong
to the known class of SGRBs or possibly represent a new/distinct type of GRB. In
either cases, we discuss its compatibility with our three reference scenarios. Finally,
in Section 4, we present a summary of the Paper and our concluding remarks.
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2. Central engine scenarios for short gamma-ray bursts
A growing theoretical effort is devoted to study the possible outcomes of BNS and
NS-BH mergers and to establish the capability of the remnant system to launch
a jet and thus act as the central engine powering a SGRB. Numerous GRB ob-
servations provided direct indications on the jet structure and evolution, as well
as important constraints on the possible mechanisms responsible for the prompt
gamma-ray emission and the multiwavelength afterglows. However, much less ob-
servational constraints exist on the nature of the central engine, on the launching
mechanism, or on the initial properties of the incipient jet close to the launching
region. This lack of information, combined with the very rich and partially unknown
physics involved in the merger process and in the post-merger evolution, makes this
investigation extremely challenging.
One more reason for the present difficulties comes from the computational limi-
tations. General relativistic (magneto)hydrodynamics simulations including all the
key physical ingredients (e.g., tabulated nuclear physics equations of state, neu-
trino emission and transport, magnetic fields) are necessary in order to properly
describe the merger and obtain solid conclusions (see, e.g., Ref. 42, 43 for recent
reviews). Currently, adaptive mesh refinement with a minimum grid spacing of
∆x ≈ 100− 200 m (covering a NS radius with about 50− 100 points) is commonly
employed. On the one hand, this is still insufficient to fully resolve important small-
scale effects associated with turbulence, effective viscosity, and magnetic field ampli-
fication mechanisms (e.g., the Kelvin-Helmholtz instability44). On the other hand,
the Courant limitation imposes a corresponding timestep as small as ∼ 10−4 ms. As
a result, typical simulations, despite being computationally very expensive, cover
no more than ∼ 100 ms of evolution, which is only sufficient to follow the last few
orbits of inspiral until merger and further evolve the post-merger system for several
tens of ms. Moreover, the overall computational domain extends up to a few thou-
sand kilometers at most. The goal of these simulations is to show that an incipient
jet can be launched for specific conditions and via a specific mechanism, but they
cannot provide the whole picture. The evolution of an incipient jet on time and
spatial scales larger by orders of magnitude is however crucial to define its ulti-
mate properties (luminosity, collimation, terminal Lorentz factor, and so on) and
thus to connect the simulation results to observable features. These larger scales are
currently covered by sophisticated special relativistic simulations, which start from
hand-made initial conditions possibly inspired by the results of merger simulations
(e.g., Ref. 45, 46, 47, 48, 49). At present, there is no proper match between the two
types of simulations that could allow for a self-consistent description of the entire
evolution.
In this Section (2.1− 2.3), we discuss separately the status of the theoretical in-
vestigation within three different scenarios, which differ for the nature of the merger
remnant. For NS-BH mergers, the remnant has to be a BH, possibly surrounded
by an accretion disk. As we further discuss in the next Section (2.1), a BH-disk
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system has in principle all the necessary ingredients to launch an accretion-powered
relativistic jet, provided that the disk is massive enough and the accretion lasts for
a sufficiently long time. For a given NS mass and a given hypothesis on the NS
equation of state (EOS), which determines its compactness, the above requirements
are met only for a limited range of BH masses and spins (e.g., Ref. 50, 51), such that
the NS is tidally disrupted outside the BH innermost stable circular orbit (ISCO).
In particular, larger BH masses and smaller BH spins make this condition more
difficult to satisfy, resulting in a limited fraction of NS-BH systems that would be
able to power a jet.
The phenomenology of BNS mergers is more rich. Most of these mergers will
eventually end up in BH, but only after an intermediate state consisting of a massive
metastable NS remnant. The survival time of such a remnant prior to collapse
depends mostly on total mass, mass ratio between the two NSs, and the NS EOS,
but it can also be sensitive to physical effects becoming dynamically important
after merger, like magnetic fields and neutrino cooling. A common set of definitions
based solely on the remnant mass and referring to a given EOS separates the possible
outcomes into hypermassive NSs (HMNSs), with mass above the maximum mass
allowed for a uniformly rotating configuration, supramassive NSs (SMNSs), with
mass below this limit but still above the maximum mass allowed for a nonrotating
configuration, and “stable” NSs, with mass below the latter limit.
A HMNS can only survive in presence of strong differential rotation and will
typically collapse on timescales . 100 ms. In this case, an upper limit to the lifetime
is dictated by the timescale for removal of differential rotation in the NS core (via
magnetic fields and/or other mechanisms). Nevertheless, higher mass will lead to
an earlier collapse, down to less than a few ms (in which case we talk about prompt
collapse). The final system is a spinning BH surrounded by a disk of variable mass.
Very high NS mass may lead to a disk of negligible mass, while more typical disk
masses reach ∼ 0.1M.
The lifetime of a SMNS is potentially much longer. By definition, uniform ro-
tation can support the NS against collapse as long as the centrifugal support is
sufficient for the given mass. This may result in survival times comparable to the
timescale associated with the dominant spindown mechanism, which is typically
GW emission in the first tens of ms and at later times, if the remnant has not col-
lapsed yet, magnetic dipole radiation. For typical dipolar magnetic field strengths
expected at the pole of the remnant NS (∼ 1014−1015 G) the corresponding lifetime
can be as long as several hours. Note, however, that a high mass SMNS can also
collapse on much shorter timescales, down to ∼ 1 s or even less. The lifetime of a
SMNS is essentially unknown for cases where the collapse happens before uniform
rotation is achieved, due to the complex structure and dynamics of the remnant in
such early phases. This also leaves doubts on the possibility that in some cases a
SMNS might end up in a BH surrounded by a massive disk. We further elaborate
on this point in Section 2.3.
Finally, a stable NS will never collapse to a BH. It will first achieve uniform
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rotation and then continue its spindown evolution forever. In what follows, we will
use the term long-lived NS referring to any remnant with a lifetime & 1 s, thus
including both SMNSs and stable NSs.
The recent observation of single NSs with a mass of ≈ 2M52,53 excluded the
softest NS EOS proposed so far and contributed to question the previous notion
that a BNS merger will almost always produce a HMNS. The predicted distribution
of NS masses in a merging BNS system is sharply peaked around 1.3− 1.4M (e.g.,
Ref. 54) and thus the typical remnant (gravitational) mass, once binding energy,
neutrino losses, and mass ejection are taken into account, should be ∼ 2.5M.
Knowing that a slowly rotating NS can support more than about 2M and that
masses up to ∼ 20% higher (i.e. & 2.4M) can be supported in presence of the rapid
(∼ kHz) rotation expected after merger (e.g., Ref. 55), we conclude that a long-lived
NS should be a rather likely outcome of BNS mergers (e.g., Ref. 56, 57).
For the first BNS merger observed in August 2017, the estimated masses of the
two NSs fit very well within the range of masses and mass ratios that were expected
for a typical merger.16 Unfortunately, this event did not provide a direct and clear
indication on the nature of the remnant, but for most EOS the remnant could have
been either a HMNS or a SMNS (e.g., Ref. 24) . In Section 3, we consider some
indications on the nature of the remnant coming from the comparison with the
different SGRB scenarios and their viability, also depending on the assumed nature
of GRB 170817A. In this Paper, however, we do not provide a full discussion on
the constraints or indications obtained from the analysis of the GW or the kilonova
signals.
2.1. Black hole-accretion disk scenario
A BH surrounded by a massive accretion disk is a very natural and perhaps the
most likely outcome of a BNS merger. BHs are also the necessary outcome of NS-BH
mergers and there is a realistic range of BH masses and spins for which a significant
amount of the NS matter (& 0.1M) is retained in the accretion disk formed after
merger. BH-disk systems like these, characterized by huge accretion rates (up to
M˙ ∼ 0.1− 1M/s, orders of magnitude above the Eddington limit), are well known
to be the potential source of a relativistic jet, which in turn makes them ideal
candidates for the central engine powering SGRBs.
According to the most popular scenario (hereafter “BH-disk” scenario) a SGRB
jet is indeed launched by a hyperaccreting stellar-mass BH produced in a BNS or a
NS-BH merger.7,8, 58 Besides the agreement with the indirect evidence suggesting
a merger origin for SGRBs, these systems offer an almost baryon-free environment
along the BH spin axis that is suitable for launching a relativistic outflow and can
in principle reproduce all the right scales. The prompt SGRB emission, once cor-
rected for a typical jet opening angle of θjet∼ 10◦, corresponds to a total energy
of Eprompt∼ 1049 − 1050 erg released in less than 2 seconds, resulting in luminosi-
ties of the order of Lprompt∼ 1049 − 1050 erg/s. Accretion timescales around BHs
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of mass in the range 3 − 10M (NS-BH mergers leading to MBH&10M are ex-
cluded as they will hardly produce a massive accretion disk) are of the order of
τaccr∼ 0.1−1 s, as confirmed by numerical relativity simulations. This is consistent
with the requested duration of the SGRB central engine activity. Taking a refer-
ence disk mass of Mdisk∼ 0.1M we obtain Eprompt/Mdiskc2∼ 10−4 − 10−3 and
η≡Lprompt/M˙c2∼ 10−4− 10−2. Therefore, a mechanism able to convert the accre-
tion rate into SGRB luminosity with an efficiency of up to η∼ 1% would potentially
explain the observations. Note that for smaller disk masses the requirements on η
become more demanding. This is why a disk mass & 0.1M, which is commonly
found in merger simulations, is usually considered necessary to power SGRB jets.
Two leading mechanisms have been proposed as the possible source of energy
powering a jet: neutrino-antineutrino (νν¯) annihilation along the BH spin axis7
and magnetohydrodynamic effects possibly involving the Blandford-Znajek mecha-
nism.59 Note that both mechanisms can be at play simultaneously, although so far
they have only been considered separately under the assumption that one of the
two is dominant.
Massive disks around hyperaccreting stellar-mass BHs are thick (i.e. of toroidal
shape), rather compact, and reach very high temperatures (up to ∼MeV). In these
conditions, copious neutrino and antineutrino emission is expected especially from
the inner part of the disk, attaining initial luminosities of Lν ∼ 1052 erg/s rapidly
decreasing over the accretion timescale (e.g., Ref. 60, 61). While this emission can
amount to a few percent of M˙c2, the rate of energy deposition at the poles of the
BH via νν¯ annihilation is at least one order of magnitude lower. Recent simulations
find ∼ 1049 erg of cumulative annihilation energy (e.g., Ref. 61, 62), which is at
the lower end of the minimal energy budget necessary to explain SGRB jets. Even
assuming that most of this energy will be converted into escaping radiation, these
results show significant tension with the hypothesis that a pure neutrino mechanism
would be sufficient to power most (if not all) SGRB jets.
An additional potential obstacle for the production of a successful jet is the
baryon-pollution along the spin axis of the BH. In the BNS case, the surroundings
of the merger site can be polluted by both (i) dynamical ejecta launched during the
merger itself and (ii) post-merger baryon-loaded winds expelled by the accretion disk
and possibly by the metastable NS remnant before its collapse. Dynamical ejecta
have a tidally-driven contribution due to tidal effects acting on the NS(s) during the
very last orbit of the inspiral, which is mostly confined to the equatorial plane, and
a shock-driven contribution associated with shocks produced by the two NS cores
crashing into each other and by the first most violent oscillations of the NS remnant,
which is instead mostly polar (e.g., Ref. 63, 64). Post-merger winds are nearly
isotropic and driven by the effective pressure associated with neutrino emission
and reabsorption and/or magnetic fields (e.g., Ref. 65, 66, 67). When the central
engine activity starts and the incipient jet is formed, the latter has to drill through
the post-merger winds already expelled plus the shock-driven dynamical ejecta.
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Simulations studying this jet-ejecta interaction seem to converge to the conclusion
that a neutrino-powered jet would have difficulties in successfully emerging from
such a polluted environment, and even when this would happen the jet energy
would be likely insufficient to explain a typical SGRB (e.g., Ref. 46, 61).
For NS-BH mergers, dynamical ejecta are only tidally-driven and equatorial and
post-merger matter outflows are only those expelled by the accretion disk. Therefore,
the amount of ejecta along the polar direction is minimal when the incipient jet is
supposed to be launched. This makes baryon pollution less restrictive for the NS-BH
case. Nevertheless, a jet powered only by νν¯ annihilation would only be sufficient
to explain SGRBs of relatively low luminosity.
The above difficulties of the neutrino mechanism suggest that magnetic fields
should play a major role in powering SGRB jets. Although there exist different
magnetohydrodynamic mechanisms in which a BH-disk system could launch a jet
(e.g., Ref. 68, 69), the most discussed (and perhaps most promising) in the context
of BNS and NS-BH mergers is the Blandford-Znajek (BZ) mechanism.59 By means
of this mechanism, a spinning (Kerr) BH threaded by a strong magnetic field con-
nected to an external load of material (i.e. a magnetized accretion disk) can power a
Poynting-flux dominated outflow at the expense of its own rotational energy, which
is effectively extracted via magnetic torque. The resulting Poynting-flux luminosity
is approximately given by70
LBZ ∼ 1051(χ/0.8)2(MBH/6M)2(BBH/1015 G)2 erg/s , (1)
where χ and MBH are the BH dimensionless spin and mass, while BBH is the char-
acteristic magnetic field strength close to the BH. The reference values in Eq. (1)
are indicative for a NS-BH merger. Using χ= 0.6 and MBH = 2.5M, more typ-
ical for BNS mergers, would give LBZ∼ 1050 erg/s. By directly tapping the rota-
tional energy of the BH, the available energy reservoir can be very high. However,
in order to be sufficient to explain the prompt emission of SGRBs, strong mag-
netic fields BBH& 1015 are also necessary. The BZ process has been already seen
at work in numerical simulations. In particular, in the context of AGNs efficiencies
ηBZ≡LBZ/M˙c2> 100 % have been reported, demonstrating that power is actually
extracted from the BH rotational energy.71
Hydrodynamics simulations of NS-BH mergers in full general relativity have been
succesfully performed for over a decade (see, e.g., Ref. 72 for a review) and provided
important indications on the viability of these systems as SGRB central engines. In
particular, they allowed to define the range of masses and spins of the initial BH and
the NS companion that would lead to a massive accretion disk (Mdisk& 0.1M).
For quasi-circular binaries with a nonspinning (i.e. irrotational) NS and MBH in the
realistic range 4− 10M, high BH spins of χ& 0.8 are necessary for most EOS.50
More compact NSs or more massive BHs make this requirement even more tight. In
presence of eccentricity (e.g. for binaries formed in globular clusters via capture or
exchange interactions), the requirements on the BH spin are instead less stringent.73
Due to the complexity associated with the inclusion of magnetic fields, however,
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general relativistic magnetohydrodynamics (GRMHD) simulations of NS-BH merg-
ers that could directly explore the potential to form jets via the BZ mechanism are
not as many (e.g., Ref. 74, 75, 76, 77, 78). These simulations were able to show
the formation of an ordered poloidal magnetic field structure along the BH axis,
but the formation of an incipient jet was only reported in Ref. 78. In this case, the
authors found the emergence of a magnetically-dominated and mildly relativistic
outflow inside the baryon-free funnel formed along the BH spin axis. This outflow
emerged ∼ 100 ms after merger and the Poynting-flux luminosity matched well the
expected LBZ given in Eq. (1). Such a result was only found for simulations starting
with an initial NS magnetic field having a poloidal component that extended also
outside the NS and thus threading the BH. Adopting an initial field entirely con-
fined inside the NS, as in all previous simulations, gave no incipient jet. Another
key issue is the initial magnetic field strength. The authors imposed a maximum
magnetic field strength inside the NS of ∼ 1017 G, orders of magnitude higher than
the typical ∼ 1012 G (at the pole) inferred from pulsar observations. As a conse-
quence, this encouraging result can only be taken as a proof of principle on the
viability of NS-BH merger engines for SGRBs. Nevertheless, strong magnetic field
amplification is expected to take place in the accretion disk, mainly via the mag-
netorotational instability (MRI),75,79 and thus much weaker initial magnetic fields
could grow in principle up the levels required for SGRB central engines. Current
resolutions are insufficient to properly resolve amplification mechanisms acting on
small-scales (such as the MRI), but a more compelling evidence obtained by start-
ing with lower and more realistic magnetic field strengths will be possibly achieved
in the future.
The literature on BNS mergers forming a BH-disk remnant is far more rich (see,
e.g., Ref. 80, 43 for a review). In particular, different groups reported on GRMHD
simulations of BNS mergers exploring the possibility of launching magnetically-
driven jets and the potential connection with SGRB central engines (e.g., Ref. 81,
82, 83, 84, 85). Compared to the NS-BH case, BNS mergers have at least two impor-
tant advantages. First, as shown also via GRHD simulations (i.e. without magnetic
fields), disk masses & 0.1M are easily obtained for a large part of the parameter
space spanning the possible BNS masses and NS EOS. Second, very efficient mag-
netic field amplification mechanisms can operate during and after merger, leading
most certainly to final magnetic field strengths in excess of ∼ 1015 G. One such
mechanism is the Kelvin-Helmholtz (KH) instability developing in the shear layer
separating the two NS cores right before merger (e.g., Ref. 86, 87, 44). Then, further
amplification is likely to occur inside the remnant during the HMNS phase, via mag-
netic winding and the MRI (e.g., Ref. 88). Finally, efficient MRI amplification may
continue inside the accretion disk after the remnant has collapsed to a BH (the only
amplification allowed in the NS-BH case). Both the KH instability and the MRI
operate on scales that are too small to be fully resolved in current simulations and
thus the attainable amplification factors can be much smaller, unless an effective
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stellar center the same as in the P case. In contrast to BHNS
systems, we find that interior-only initial B-fields also lead to
jet formation in NSNSs. Throughout this work, geometrized
units (G = c = 1) are adopted unless otherwise specified.
2. METHODS
We use the Illinois GRMHD code, which is built on the
Cactus6 infrastructure and uses the Carpet7 code for
adaptive mesh refinement. We use the AHFinderDirect
thorn (Thornburg 2004) to locate apparent horizons. This code
has been thoroughly tested and used in the past in different
scenarios involving magnetized compact binaries (see, e.g.,
Etienne et al. 2008, 2012b; Liu et al. 2008; Gold et al. 2014a,
2014b). For implementation details, see Etienne et al.
(2010, 2012a) and Farris et al. (2012).
In all simulations we use seven levels of refinement with two
sets of nested refinement boxes (one for each NS) differing in
size and resolution by factors of two. The finest box around
each NS has a half-side length of ~ R1.3 NS, where RNS is the
initial NS radius. For the I model, we run simulations at two
different resolutions: a “normal” resolution (model IN), in
which the finest refinement level has grid spacing 0.05
M = 227(MNS/1.625Me)m, and a “high” resolution (model
IH), in which the finest level has spacing 0.03 M = 152(MNS/
1.625Me) m. For the P model, we always use the high
resolution. These choices resolve the initial NS equatorial
diameter by ∼120 and ∼180 points, respectively. In terms of
grid points per NS diameter, our high resolution is close to the
medium resolution used in Kiuchi et al. (2014), which covered
the initial stellar diameters by ∼205 points. We set the outer
boundary at ( ):»M M M245 1088 1.625NS km and impose
reflection symmetry across the orbital plane.
The quasi-equilibrium NSNS initial data were generated
with the LORENE libraries.8 Specifically, we use the n= 1,
irrotational case listed in Taniguchi & Gourgoulhon (2002),
Table III, =M R 0.14 versus 0.14, row 3, for which the rest
mass of each NS is ( ):M k1.625 269.6 km2 1 2, with k the
polytropic constant. This same case was used in Rezzolla et al.
(2011). As in PRS we evolve the initial data up to the final two
orbits prior to merger ( =t tB), at which point each NS is seeded
with a dynamically unimportant B-field following one of two
prescriptions:
(1) The P case (Figure 1, upper left), for which we use a dipole
B-field corresponding to Equation (2) in Paschalidis et al. (2013).
We choose the parameters I0 and r0 such that the magnetic-to-
gas-pressure ratio at the stellar center is b =- 0.0031251 . The
resulting B-field strength at the NS pole measured by a normal
observer is ( ) :´B M M1.75 10 1.625pole 15 NS G. While this
B-field is astrophysically large, we choose it so that following
merger, the rms value of the field strength in the hypermassive
neutron star (HMNS) remnant is close to the values found in
recent very-high-resolution simulations (Kiuchi et al. 2015)
which showed that the Kelvin–Helmholtz instability (KHI)
during merger can boost the rms B-field to 1015.5 G with local
values reaching even 1017 G. Our choice of the B-field strength
thus provides an “existence proof” for jet launching following
NSNS mergers with the finite computational resources at our
disposal. To capture the evolution of the exterior B-field in this
case and simultaneously mimic force-free conditions that likely
characterize the exterior, we follow PRS and set a variable-
density atmosphere at t = tB such that the exterior plasma
parameter βext = 0.01. This variable-density prescription,
imposed at t = tB only, is expected to have no impact on the
outcome (cf. PRS). With our choice of βext, the amount of total
rest mass does not increase by more than ∼0.5%.
(2) The I case, which also uses a dipole field but confines it
to the interior. We generate the vector potential through
Equations (11), (12) in Etienne et al. (2012a), choosing Pcut to
be 1% of the maximum pressure, nb = 2, and Ab such that the
strength of the B-field at the stellar center coincides with that in
the P case. Unlike the P case, a variable-density atmosphere is
not necessary, so we use a standard constant-density atmo-
sphere with rest-mass density 10−10ρ0,max, where ρ0,max is the
initial maximum value of the rest-mass density.
In both the P and I cases, the magnetic dipole moments are
aligned with the orbital angular momentum. During the
Figure 1. Snapshots of the rest-mass density, normalized to its initial maximum value ρ0,max = 5.9 × 1014 ( ): -M M1.625 g cmNS 2 3 (log scale) at selected times for
the P case. The arrows indicate plasma velocities, and the white lines show the B-field structure. The bottom middle and right panels highlight the system after an
incipient jet is launched. Here ( ):= ´ -M M M1.47 10 1.6252 NS ms = ( ):M M4.43 1.625NS km.
6 http://www.cactuscode.org
7 http://www.carpetcode.org
8 http://www.lorene.obspm.fr
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Fig. 1. General relativistic magnetohydrodynamics simulation of a binary neutron star merger
leading to the formation of an incipient jet (adapted from Ruiz et al. 2016). Rest-mass density is
color coded and magnetic field lines are indicated in white. The left panel shows the two neutron
stars before merger. The right panel shows the black hole-accretion disk system produced after
merger and the ordered twister-like magnetic field structure formed along the black hole spin axis.
subgrid approach is adopted (e.g., Ref. 89, 90, 91, 92).
To date, a number of sim lations showed the emergence of ordered magnetic
field structures aligned with the BH spin ax s, but not the formation of a Poynting-
flux dominated outflow (e.g., Ref. 81, 82, 83, 84). In Ref. 85, however, an incipient
jet was reported (see Fig. 1). Similarly to the analogous result obtained in Ref. 78
for NS-BH mergers, a mildly relativistic outflow was produced along the axis and
within a magnetically-dominated funnel. The time of emergence is again of order
∼ 10 ms and corresponds to the time necessary to increase the magn tic-to-flu d
energy density ratio up to B2/8piρc2& 100. I this case, even starting with mag etic
fields entirely confined inside the two NSs led to the formation of an incipient jet
(slightly less powerful than in the case with initial fields extending also outside
the NSs). One main difference with the other BNS m ger simulations is again th
initi l mag etic field strength imposed, in exc s of ∼ 1016 G. All other simulations
started with a much lower field strengths, closer to what expected f om observations
(i.e. ∼ 1012− 1013 G in the NS interior). Moreover, the post-merge evolution was
not as long. Hence, other groups should in principle be able to reproduce this result
by running longer simulations and with much stronger initial magnetic fields. At
present, this confirmation i still missing.
The above numerical results support the BH-disk scenario for SGRBs and favour
a magnetically-driven jet over a neutrino-driven one. Nevertheless, merger simula-
tions are still unable to provide a definite proof that for realistic initial c nditions
such a system can produce an incipient jet with the required properties. Higher res-
olutions and longer simulations will be necessary for further progress, together with
the inclusion of a more accurate d scription of the key physical ingredients (e.g.,
composition-dependent finite-temprature nuclear physics EOS, neutrino transport,
and magnetic field evolution in both force-free and non-ideal MHD regimes).
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2.2. Magnetar scenario
As discussed earlier in Section 2, BNS mergers can produce metastable or even
stable massive NS remnants. If the remnant is a HMNS, it will collapse to a BH
after a rather short lifetime . 100 ms and according to the scenario described in the
previous Section (2.1) the resulting BH-disk system could act as the central engine
powering a SGRB jet. We now turn to consider the case in which the remnant is
instead a long-lived NS.b This outcome might follow a significant fraction of all BNS
mergers, posing the natural question on whether a SGRB jet could be produced in
such circumstances. In particular, in the present Section we discuss the possibility
that an incipient jet is launched shortly after merger by the long-lived NS itself,
independently of its stable or metastable nature (i.e. prior to a possible collapse to
a BH). We shall refer to this scenario as the “magnetar” scenario.
Indications that at least some SGRBs might be produced by a NS remnant
rather than a BH-disk system come from specific features in the soft X-ray emission
following the burst, detected by the Swift satellite93 in a significant fraction of
events. These features are possibly indicative of ongoing central engine activity on
timescales that extend way beyond the typical accretion timescale of a disk onto a
stellar-mass BH (. 1 s) and include the so-called “extended emission”94,95 lasting
∼ 10− 100 s, X-ray flares,96,97 and X-ray “plateaus”,98–100 in some cases appearing
together in the same event (e.g., GRB 050724). In particular, the X-ray plateaus
represent the most serious challenge for BH-disk central engines. They can last for
minutes to hours (full range is ∼ 102− 105 s; e.g., Ref. 99), maintaining a rather
shallow decay that is inconsistent with the steeper lightcurves characterizing jet
afterglows and suggesting instead persistent energy injection from a longer-lived
NS remnantc (see, e.g., Ref. 37 and Refs. therein).
The above considerations revived the idea that the SGRB central engine could
be a long-lived and strongly magnetized NS (e.g., Ref. 102, 103, 104), naturally
able to produce an X-ray plateau via electromagnetic spindown radiation. In this
case, after the jet has been launched there is still a very large energy reservoir given
by the NS rotational energy (∼ 1052 erg) that can be extracted via the magnetic
field. This would also easily explain the large amount of energy associated with the
X-ray plateaus, which can even be as large as the energy of the prompt gamma-ray
emission.
Modelling of X-ray plateaus as spindown radiation from a rotating magnetized
NS was attempted (e.g., Ref. 99, 105, 100) assuming that the emission is regulated
by the simple dipole spindown formula LX =L0(1 + t/tsd)
−2, where
L0 ∼ 1049(Bpole/1015 G)2(P/ms)−4 erg/s , (2)
tsd ∼ 3× 103(Bpole/1015 G)−2(P/ms)2 s , (3)
bHereafter, we restrict to BNS mergers only, leaving aside NS-BH mergers.
cEven the presence of fallback accretion, while offering a viable explanation for an X-ray flare,101
would hardly produce plateau-like emission.
April 12, 2018 0:22 WSPC/INSTRUCTION FILE manuscript
Short GRB central engines 13
Fig. 2. Evolution of a long-lived BNS merger remnant (adapted from Siegel & Ciolfi 2016a).
Left and Center: A BNS merger forms a hot and differentially rotating NS that ejects an isotropic
baryon-loaded wind (Phase I). Right (on larger scale): Once wind ejection is suppressed, the cooled
down NS starts emitting electromagnetic spindown radiation. The latter inflates a photon-pair
plasma nebula (analogous to a pulsar wind nebula, PWN) that drives a shock sweeping up all the
ejecta material into a thinner, hotter, and faster expanding shell (Phase II). Spindown emission
from the NS continues while the nebula and the ejecta shell keep expanding (Phase III).
and Bpole and P are the dipolar magnetic field strength at the pole and the initial
rotation period, respectively. By directly fitting the X-ray plateau data, a rather
satisfactory match was found for a good fraction of events. In a limited number
of cases, even the late-time decay of the lightcurves was found consistent with the
characteristic ∝ t−2 profile. Some other lightcurves show instead a more abrupt
decay, interpreted by different authors as the sign of a late time collapse to a BH
(e.g., Ref. 98, 99, 106). Overall, the above fitting procedure revealed typical values
of Bpole∼ 1015 G and P ∼ few ms, consistent with a millisecond magnetar.
One main limitation of the above approach is that it neglects the presence of a
baryon polluted environment surrounding the merger site. In a more realistic situ-
ation, the emerging signal is the result of a reprocessing of the spindown radiation
across such an environment. Starting from the merger time, the system is likely to
evolve as follows (e.g., Ref. 107, 108, 109, 110; see Fig. 2). At first, the long-lived
(supramassive or stable) NS remnant is characterized by strong differential rotation,
ongoing magnetic field amplification and neutrino cooling. During an early evolu-
tion phase, lasting < 1 s, neutrino and/or magnetically driven baryon-loaded winds
are expelled isotropically causing substantial pollution (e.g., Ref. 65, 66, 67). This
slowly expanding material (v. 0.1 c) can easily amount to 10−3− 10−2M and is
additional to the earlier and faster dynamical ejecta associated with the merger
process itself. As the NS cools down and magnetic field amplification is no longer
active, the mass loss rate associated with baryon-loaded winds rapidly fades away
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resulting in a decreasing ambient density in the close surroundings of the NS. As
density gets sufficiently low, the right conditions to build a magnetosphere are met
and the strongly magnetized NS starts losing rotational energy via electromagnetic
spindown radiation. This sets the beginning of a new phase, in which spindown
radiation inflates a photon-pair plasma nebula inside the shell of optically thick
material previously ejected. Soon, the high pressure of the nebula drives a strong
shock across the ejecta, heating up the material and further accelerating the expan-
sion. Then, the evolution proceeds with the expansion of both the ejecta shell and
the nebula, while the spindown of the NS continues. In the meanwhile, energy is
partially lost by the system as photospheric emission from the outer ejecta layers,
and this reprocessed radiation is what should power the observed X-ray plateau
signals. A significant change in photometry and spectrum may also occur when the
ejecta become optically thin and non-thermal radiation from the nebula can directly
escape. Moreover, if the massive NS is metastable (SMNS), the above evolution will
be altered by the eventual collapse to a BH, switching off the spindown radiation
and possibly producing a sudden energy release associated with the collapse itself.
Models based on the above evolution phases were presented by different authors,
enforcing spherical symmetry and adopting various simplifying assumptions on both
the hydrodynamical evolution (obtained with a semi-analytical approach) and the
radiative processes (e.g., Ref. 107, 108, 109, 110). Depending primarily on the ejecta
mass, the spindown luminosity, and the assumed ejecta opacity, the reprocessed
spindown-powered radiation was found to peak between the soft X-ray and the
optical band. In particular, it was shown that X-ray transients can be produced by
such a system with energies, luminosities, and durations broadly consistent with
the full range of observed X-ray plateaus in SGRBs (e.g., Ref. 109, 110). These
results confirm the viability of an electromagnetic spindown origin for the X-ray
plateaus, even though they are accompanied by a number of caveats to be resolved
with various improvements (actual hydrodynamical simulations in special relativity,
dropping the spherical symmetry, better treatment of the radiative processes, and
so on). Moreover, a systematic comparison with data has not yet been attempted
and a satisfactory explanation of various photometric and spectral features is still
missing (e.g., late time decay of the lightcurves, non-thermal spectral components).
As a side note, these luminous and highly isotropic spindown-powered signals
also represent promising counterparts to the GW emission from a BNS merger,
independently from a SGRB detection. They could even be produced in absence of
a successful jet.d Detecting these signals in the soft X-ray band after a GW trigger
is currently a real challenge, due to the very short (minutes to hours) duration in
combination with the small fields of view of present detectors in this band (e.g., Swift
XRT). Even in the follow-up campaign of GW170817, the source was not properly
dFor instance, it was proposed that some of the softest X-ray Flashes (XRFs), which are commonly
considered a sub-class of long GRBs, could have instead a BNS merger origin and be powered by
the spindown radiation from a long-lived NS remnant (Ref. 111; see also Ref. 104).
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covered by soft X-ray telescopes for several hours after merger (see Section 3).
Future missions with large field of view detectors at ∼ keV energies (e.g., Ref. 112,
113) will offer the opportunity to catch systematically this early emission.
If we admit the possibility that long-lived NS remnants are responsible for
SGRBs with X-ray plateaus, there are some important consequences. First, we have
to exclude a NS-BH origin for at least those SGRBs. Second, the fraction of SGRBs
having an X-ray plateau (∼ 50% according to Ref. 99) gives, among all BNS merg-
ers leading to a SGRB, the minimum fraction having a long-lived NS remnant.e
Finally and most importantly, the same system has to be able to launch a jet and
produce the prompt SGRB emission. In this case, however, much less is known on
the possible mechanisms that could make it feasible. BNS merger simulations show
that a long-lived NS remnant can have a torus-shaped outer envelope which might
persist for a timescale similar or even longer than the typical accretion timescale of
a disk surrounding a stellar-mass BH (see Section 2.3 and Fig. 4). Nevertheless, this
is not an accreting system analogous to a BH-disk and therefore it is unclear if an
accretion-powered jet would be viable. Another main difficulty is baryon pollution.
In the previous Section 2.1, we discussed how a BNS merger leading to a short-
lived HMNS and then to a BH is likely to pollute the environment at levels that
are prohibitive for a successful neutrino-powered jet. If the remnant is a long-lived
NS, the level of baryon pollution can be orders of magnitude higher in density (in
particular along the spin axis; e.g., Ref. 64) and thus the conditions are even less
favourable, despite the fact that the total energy emitted in neutrinos could be a
factor of a few higher (e.g., Ref. 62).
Magnetically-powered jets are again the most promising solution. Even if no
Blandford-Znajek mechanism is available in this case, the large rotational energy of
the long-lived NS (easily exceeding 1052 erg), if efficiently channeled via the magnetic
field, would in principle be sufficient to power a SGRB jet. Nevertheless, how this
would be realized is unclear. GRMHD simulations of differentially rotating NSs with
an imposed monotonically decreasing “j-constant” rotation profile found that when
the star is endowed with an ordered poloidal magnetic field aligned with the spin
axis a collimated Poynting-flux dominated outflow is naturally generated.66,114,115
However, this outcome is very sensitive to the chosen magnetic field geometry66 and
there is no guarantee that an actual merger would be able to build the necessary
magnetic field structure within the required short time window. A direct way to
test this possibility is via GRMHD simulations of BNS mergers leading to a long-
lived NS remnant. Very few simulations of this type have been performed so far
(e.g., Ref. 116, 89, 117, 64), showing no indication of jet formation. In particular,
Ref. 64 studied the magnetic field structure up to ∼ 50 ms after merger and found an
emerging twister-like structure aligned with the spin axis, but no sign of a collimated
eThis fraction can be higher, e.g., if some of the SGRBs with no X-ray plateau have a NS-BH
origin and/or if some of the long-lived NS remnants do not produce a detectable X-ray plateau
because the emission peaks outside the soft X-ray band).
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Fig. 3. “Time-reversal” evolution phases (from Ciolfi & Siegel 2015): (I) the differentially rotating
supramassive NS ejects a baryon-loaded and highly isotropic wind; (II) the cooled-down NS emits
electromagnetic spindown radiation inflating a photon-pair plasma nebula that drives a shock
through the ejecta; (III) the NS collapses to a BH launching a jet that drills through the nebula
and the ejecta shell, eventually producing the prompt SGRB emission. Spindown radiation emitted
by the NS before the collapse diffuses outward on much longer timescales and the corresponding
signal persists even after the SGRB, possibly as an X-ray plateau.
outflow. As suggested by the recent results obtained within the BH-disk scenario by
Ref. 85 (see Section 2.1), future simulations with much longer post-merger evolution
and stronger initial magnetic fields (possibly extending also outside the two NSs)
will provide a more stringent test.
2.3. Time-reversal scenario
The production of a jet in the magnetar scenario is highly uncertain, in part because
of the unknown launching mechanism, in part due to the very high levels of baryon
pollution which could obstruct the propagation of a collimated outflow. The BH-
disk scenario, on the other hand, is challenged by the presence of X-ray plateaus in a
fraction of SGRBs, suggesting energy injection from a long-lived NS remnant. This
leads to a dichotomy in which none of the two scenarios appear fully satisfactory,
at least for those SGRBs accompanied by an X-ray plateau.
In order to overcome the problems of the two scenarios, an alternative “time-
reversal” (TR) scenario was recently proposed.118 In this new framework, a SGRB
with an X-ray plateau is the result of the following phenomenology (see Fig. 3). A
BNS merger produces a long-lived but metastable NS remnant (i.e. a supramassive
NS) evolving as described in the previous Section (2.2) and in Fig. 2, with the
formation of an expanding nebula surrounded by an optically thick ejecta shell and
continuous energy injection form the NS via electromagnetic spindown radiation.
However, since the NS is metastable, its centrifugal support will at some point
become insufficient to prevent the collapse to a BH. As the scenario assumes, this
leads to the formation of a BH-disk system able to launch a relativistic jet, in
analogy with the standard BH-disk scenario (Section 2.1). This differs from the
magnetar scenario, in which a stable or metastable long-lived NS launches the jet
very shortly (< 1 s) after merger, before the onset of a spindown phase. In the TR
case, the jet is launched only after the collapse to a BH. At that time, the close
surroundings of the NS are no longer heavily baryon polluted and therefore an
incipient jet finds no obstacle to its propagation. Once the jet is launched, it can
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easily drill through the nebula and the ejecta shell, finally breaking out of the system
and producing the SGRB prompt emission. Because of the high optical depth of
both the nebula and the ejecta, the energy given off by NS via spindown radiation
before the collapse remains stored for a long time before emerging from the outer
ejecta layers and possibly producing a detectable X-ray plateau. As a result, while
the jet propagation is essentially unaffected, the nearly isotropic spindown-powered
signal is spread over much longer timescales and can still be observed for a long time
even after the gamma-rays. In other words, the prompt SGRB emission and part
of the spindown-powered emission (i.e. the X-ray plateau) are observed in a reverse
order with respect to the corresponding energy release from the central engine.
It is worth stressing that within the TR framework the observed duration of the
X-ray plateaus is not an indication of the lifetime of the long-lived NS remnant,
but rather of the diffusion timescale across the environment (nebula and ejecta)
minus the light trave time. A simple calculation carried out in Ref. 118 shows that
spindown-powered emission lasting up to hours can be explained, thus covering the
full range of observed X-ray plateau durations. Another interesting point suggested
in Ref. 118 is that the break-out of the strong shock initially produced by the
spindown radiation (see Fig. 3) could produce a precursor transient detectable before
the SGRB, with a time separation nearly corresponding to the duration of the
spindown phase. This offers one possible explanation for SGRBs precursors observed
∼ seconds (or more) before the prompt emission.119
The TR scenario offers a possible way to overcome the difficulties of the BH-disk
and magnetar scenarios, by reconciling the putative needs for (i) an accreting BH
and a baryon-free funnel to launch a jet and (ii) spindown radiation from a long-lived
NS to power an X-ray plateau.f Note that for very short remnant lifetimes . 100 ms
(typical for HMNSs) there is no proper spindown phase and the ordinary BH-disk
picture is recovered. In this respect, the TR model can be seen as an extension or
modification of the BH-disk scenario that applies to SGRBs with an X-ray plateau,
where the difference is that the energy powering the latter is not released by the
remnant system during or after jet formation, but before the jet is launched. Within
this framework, we can easily explain why some SGRBs show an X-ray plateau and
others do not. Moreover, as for the magnetar model, the fraction of SGRBs with a
detected X-ray plateau gives the minimum fraction of all BNS mergers producing a
SGRBs that have a long-lived NS remnant.
The main potential difficulty of this scenario is related to the assumption that
a delayed collapse of the remnant would still form a BH surrounded by a massive
(∼ 0.1M) accretion disk, i.e. a system able to launch a relativistic jet. As recently
pointed out in Ref. 121, the collapse of a uniformly rotating NS can hardly leave an
accretion disk of significant mass, even if the NS is close to its maximal rotation.
This conclusion is based on the criterion that, given a uniformly rotating NS, all the
material having a specific angular momentum smaller than the specific angular mo-
fThe idea of a time reversal was also adopted with a different phenomenology in Ref. 120.
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approximately by the Kepler velocity, which depends
almost exclusively on the remnant mass. Our findings
are similar to the results obtained for different models in
[33,56–59]. The models in those publications together with
the present one include hypermassive, supramassive, and
stable remnants, different mass ratios, and even binaries
with initial aligned spin. The general shape of the rotation
profiles shown in Fig. 12 seem to be a generic property of
merger remnants.
Since the rotation profiles show that the cores are
rotating slowly, we expect that the inner core can be
approximated by a spherically symmetric (TOV) solution.
In order to judge the importance of centrifugal forces in the
core, we computed the ratio of rotation rate and orbital
frequency of a test mass in circular orbit (both measured by
zero angular momentum observers, i.e., removing the frame
dragging) at the center of the remnants 20 ms after merger.
We found values ranging between 0.02 (APR4 unequal-
mass model) and 0.06 (H4 equal-mass model). This indeed
strongly suggests TOV-like cores. In order to quantify the
radial mass distribution in an unambiguous way, we use the
measures described in [57]. These replace the density
versus radius measures used for spherical stars with the
baryonic mass as function of proper volume contained in
isosurfaces of constant rest mass density. Further, to
express compactness of the remnant in absence of a clear
surface, we define the compactness of each isodensity
surface as the ratio between the contained baryonic mass
and the radius of an Euclidean sphere with the same proper
volume. This compactness has a maximum, which we use
to define the bulk isodensity surface, and the corresponding
bulk compactness, bulk mass, and bulk volume.
The mass-versus-volume relations for the merger rem-
nants are shown in Fig. 13, while the bulk properties of the
remnants are given in Table II. For the models at hand, the
radial mass distribution and the bulk compactness are
mainly determined by the EOS, while the mass ratio has
a minor impact (at fixed total gravitational mass). Figure 13
also shows the relation of bulk mass versus bulk volume for
sequences of TOV solutions with the EOS used in this
work. We use the intersection with the remnant profile to
find a TOV model approximating the inner core of the
remnant, called TOV core equivalent in the following. By
comparing the mass-versus-volume relation of the TOV
core equivalent and the remnant, we find that the structure
of the core of the remnants is very well approximated by
TOV core equivalent solutions. Figure 13 also shows that
the differences between TOVequivalent and actual remnant
become gradually larger between the bulk of the TOV core
equivalent (square symbol) and its surface. This is due to
the fact that for the remnant, centrifugal forces become
important in the outer envelope.
It is reasonable to assume that if there is no stable TOV
solution approximating the inner core, it either has to rotate
more rapidly or collapse. This gives us another critical
mass, namely the bulk mass of the maximum (gravitational)
mass TOV star. This mass is 2.56 M⊙ for the APR4 EOS,
2.22 M⊙ for the H4 EOS, and 3.24 M⊙ for the MS1 EOS.
Note that for the H4 simulations, the bulk mass of the TOV
core equivalent is very close to the maximum value allowed
for a stable star, while for the other models it is much lower.
At the same time, only the H4 models collapsed to a BH on
the timescale of the evolution. To investigate this aspect
further, we computed the evolution of the TOV core
equivalent bulk mass for the H4 models, which is shown
FIG. 12. Rotation rate (as seen from infinity) in the equatorial
plane 20 ms after merger, averaged in ϕ and over a time window
of !1 ms, versus circumferential radius.
FIG. 13. Mass versus volume relations of the merger remnant
isodensity surfaces, 20 ms after merger. The maximum compact-
ness shell (the bulk) is marked by circle symbols. For compari-
son, we show bulk mass and bulk volume (see text) of TOV
sequences obtained with the same EOS (continuous yellow line),
and the mass-volume relation of the TOV core equivalent
approximating the inner remnant core (dashed green line, bulk
marked by square symbol). Horizontal grey lines mark the total
baryon mass of the system.
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versus instantaneous frequency. Both frequency and ampli-
tude are growing during inspiral, reaching a peak amplitude
at a frequency 1.4 kHz. During the merger, the frequency
keeps increasing due to the increased rotation rate. At the
same time, the quadrupole moment decreases as the system
becomes more compact, resulting in a net decrease of strain
amplitude. Next, the forming remnant reaches maximum
compression, reflected in a high rotation rate. Apparently
the quadrupole moment undergoes a zero crossing during
this period, resulting in the brief quenching of the GW
strain. Next, the remnant expands again, entering the
double core phase discussed earlier. The rotation rate
and thus the frequency of the GW signal decrease, while
the amplitude increases because of the increasing quadru-
pole moment. The system then experiences a milder
bounce, with an increase of frequency up to 2.5 kHz.
This time the amplitude is only reduced, but stays clearly
above the late-time amplitude, making this phase a sig-
nificant part of the postmerger signal. Finally, the star
settl s down and the amplitude decrea es continuously,
wh le the frequency only shows a small drift. This late part
is colored blue in the plot.
The corresponding GW power spectrum is shown in the
top panel of Fig. 15 in comparison to the design sensitiv-
ities of current and future GW detectors. Besides the
inspiral and plunge signatures, the postmerger evolution
causes a prominent peak around 2 kHz. Comparing to the
sensitivity curves, we find that the merger signal should be
detectable by advanced LIGO/Virgo up to a distance
10–100 Mpc. We also find that if the merger itself can
be detected, the postmerger signal should be visible as well.
To distinguish contributio s from early postmerg r phas
and later evolution, we computed the spectrum of the sign
starting 4 ms after merger. We find, as expected from the
instantaneous frequency, a slightly smaller peak frequency,
although the difference is less than the width of the peak.
More importantly, the amplitude of the peak is reduced by a
factor of 2, meaning that the evolution directly after merger
is an important part of the postmerger signal. We note,
however, that our remnant is stable and might potentially
radiate for a long time, which we did not consider in our
spectra.
D. Disk and matter eject on
In the following, we discuss the properties of the disk
surrounding the remnant. The structure in the meridional
plane is shown in Fig. 16. Since the rotati rate of
t remnant (compare Fig. 9) approaches the Keple rate
in the outer layers, the transition between the disk and
the remnant is smooth. The plot also shows the specific
entropy, which is increasing with radius, and also in the
vertical direction. This agrees with Fig. 6, where we saw an
increase of specific entropy with decreasing mass density.
Figure 16 also shows the shape of the bulk of the remnant
defined in Sec. II C, demonstrating again that using the
bulk properties to describe the remnant is meaningful.
Besides the structure of the disk, we also investigated its
formation. To this end, we traced fluid elements backwards
in time, starting from a regular grid in the orbital plane
covering the disk at the end of the simulation. We then
plotted the trajectories in the coordinate system corotating
with the phase of the m ¼ 2 component of the density
perturbation of the remnant. The resulting trajectories,
starting 2 ms after merger, are shown in Fig. 17. Fluid
elements that end up in the disk at the end of the simulation
are colored black, while those remaining in the remnant are
colored green. Since the trajector es are traced backwards
in time starting with a homogeneous tracer density, the
dense bundles of trajectories visible in the plot correspond
to a diverging fluid flow, which is to be expected assu ing
that the density of a fluid element in the disk is lower
compared to its point of origin inside the merging stars.
From Fig. 17, we can see that most of the matter in the
disk at some point came close to the outermost parts of the
strongly deformed remnant, which is not surprising. More
interesting is the fact that many trajectories follow a bean-
shaped trajectory along the outer layers of the remnant
before migrating to the disk. Also, the little vortices tailing
behind the elevated parts of the d formed remnant seem to
be involved in the migration of matter into the disk. It is
also worth noting that app rently so e of the trajectories
undergo radial bounces before escaping into the disk,
probably related to the radial oscillations of the remnant.
Finally, we studied the matter ejection using the methods
described in Sec. II C. The amount of ejecta is relatively
small, ≈3 × 10−4 M⊙, and is emitted mainly in a single
FIG. 16. Disk structure at the end of the simulation, averaged in
time over 4 ms. The colors correspond to the specific entropy,
while the lines are the isocontours of mass density 1.43 × 1014,
8.43 × 1013, 5.43 × 1012, 1.20 × 1012, and 1.25 × 1011 g=cm3,
from innermost to outermost, respectively. The total mass of
matter with higher density than the plotted density levels is equal
to the bulk mass of the TOV core equivalent, the bulk mass of the
remnant itself, 90%, 92%, and 95% of the total baryon mass,
respectively.
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Fig. 4. Left: Rotation profil of the NS remnant on the equatorial plane 20 ms after merger for
various BNS merger models (from Ciolfi et al. 2017). Right: Meridional structure of a long-lived
NS remnant 18 ms after merger (from Kastaun et al. 2016).
mentum at the ISCO of a Kerr BH with the same total mass and angular momentum
will end up ins de the horizon in case of collapse. Earlier numerical simulations f
uniformly rotating NSs collapsing to a BH (e.g., Ref. 122, 123) also found negligible
disk masses. The natural conclusion is that only a SMNS collapsing before it has
settled to uniform rotation could lead to a viable BH-disk SGRB central engine.
Therefore, t e question o how a SMNS rearranges towards a uniformly rotating
configuration and on which timescales becomes crucial.
Curr nt simulations of BNS mergers forming a long-lived NS remnant show that
a few ms after merger the system reaches a nearly axisymmetric configuration which
appea s rather s a ionary n timescales of ∼ 10 ms (e.g., Ref. 64). At this stage, the
angular v locity profil along the equatorial plane is characterized by a central core
with rel tively slow rotation rate sm othly connected to an outer envelope with
m ch high r ang lar velocity, increasing up to a typical radius of ∼ 10− 20 km
and then decreasing for larger radii (see Fig. 4, left panel). The decrea ing profil
follows a nearly Keplerian behaviour, which indicates that the outer envelope is
nearly orbi ing, i.e the centrifugal support is dominant while pressur g adients
provide a minor contribution. Rotation profiles of this kind were first pointed out in
Ref. 124 and then confir ed in a number of studies (e.g., Ref. 117, 125, 126, 127, 64).
The meridional view of the system (see Fig. 4, right panel) reveals configuration
remine cent of a centr l object sur ounded by a hick accretion disk. However, this
is not an accreting system anal gous to a BH surrounded by a disk. In this case,
there i a ingle objec composed by a slower spinning and spheroidal central core
continuously connected with a faster spinning and lower density torus. Moreover,
within the few tens of ms covered by the simulations, the flow of material close to
the NS is mostly outgoing, also along the spin axis.64
The long-term evolution of such a system and the associated timescales are un-
known. However, a plausible evolutionary path should be as follows. As the baryon-
loaded winds are suppressed (within a fraction of a second, due to cooling and
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saturation of the magnetic field amplification) and the matter density in the polar
regions drops, the emission of electromagnetic spindown radiation becomes possi-
ble, regulated by the dipolar field of the central core. While the evolution proceeds,
viscous effects associated with magnetic fields and turbulence in the torus result in
a gradual matter transport towards the center, increasing the mass of the slowly
rotating central core. This can also transport some angular momentum inwards, par-
tially balancing the losses associated with the spindown radiation. At the same time,
the outer layers of the torus may expand outwards to compensate the angular mo-
mentum redistribution, effectively enlarging the torus itself (see, e.g., Ref. 128). By
surviving long enough, the whole long-lived NS (central core plus torus) will even-
tually reduce to a uniformly rotating object, but the timescale for this to happen,
τuniform, might be significantly longer than the timescale for removal of differential
rotation in the central core alone (. 0.1 s). On the other hand, if the core collapses
on timescales τcollapse < τuniform, the outer torus will most likely survive the collapse
and remain outside the horizon, forming an accretion disk. The question on the vi-
ability of the TR scenario can then be formulated in this way: for a given SGRB
with an X-ray plateau, can the hypothetical long-lived NS survive long enough to
release the energy powering the X-ray plateau (via spindown radiation), but also
short enough to result in a BH surrounded by a massive (∼ 0.1M) accretion disk?
The above considerations suggest a revision of some key aspects of the TR sce-
nario as originally presented in Ref. 118. First, the timescale for the removal of dif-
ferential rotation tdr considered in Ref. 118 (∼ 100 ms for magnetic field strengths
of 1015 G; Ref. 129, 66) applies to the central core, but the long-lived remnant
is also composed by a faster spinning external torus which can persist on much
longer timescales. In other words, at t∼ tdr only the central core achieves a nearly
uniform rotation, not the whole remnant. Concerning matter ejection via baryon-
loaded winds, this should still be significantly suppressed on timescales < 1 s, as the
remnant rapidly cools down and magnetic field amplification gets closer to a satu-
ration. It remains unclear, however, if some residual baryon wind ejection persists
on a longer timescale maintaining some level of baryon pollution in the vicinity of
the remnant. Second, the electromagnetic spindown emission of the remnant does
not correspond to that of a uniform spheroidal rotator with constant moment of in-
ertia and the angular momentum evolution is altered by the ongoing rearrangement
of the system. This could make the classic dipole spindown formula inadequate.
Moreover, as pointed out above, the baryon content in the magnetosphere might be
non negligible. Third, the idea that the scenario could work for lifetimes as long as
canonical spindown timescales (minutes to hours for magnetar-like field strengths)
is unlikely. The longest remnant lifetime which could still produce a massive disk
after collapse is probably much shorter, i.e. no longer than tens of seconds or even
less. Note, however, that for a remnant lifetime of only 1− 10 s realistic dipolar
magnetic field strengths of up to a few 1015 G should still be sufficient to explain
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the energy budget of the observed X-ray plateaus.g For clarity, we stress again
that the plateau duration is regulated by the optical depth of the environment at
large scales (see Fig. 2) and the consequent diffusion timescales allow the escaping
spindown-powered signal to last much longer than the lifetime of the remnant itself.
With the above revisions, the TR scenario and in particular the idea that spin-
down emission prior to collapse and jet formation can be responsible for the observed
X-ray plateaus remain a possible solution. Future theoretical studies and simula-
tions will shed light on the evolution of the system beyond the ∼ 100 ms timescale
and provide stronger indications on the viability of the TR picture. On the ob-
servational side, a distinctive signature of the TR phenomenology that allows for
a conclusive test is the relatively long time window between the maximum GW
emission (corresponding to the time of merger) and the onset of the gamma-ray
signal (SGRB prompt emission). For a HMNS collapsing to a BH within ∼ 100 ms,
the overall time window (considering the time to launch the jet and produce the
gamma-ray signal) should be < 1 s . In the TR scenario, a typical SGRB with X-ray
plateau should correspond to a remnant lifetime at least a factor of 10− 100 longer,
resulting in a time separation > 1− 10 s. Therefore, future observations measuring
both the time separation and the energy in the X-ray plateau will offer a way to
validate or discard the model.
3. GW170817 and GRB 170817A
We now focus the attention on the BNS merger event GW170817 and the associated
gamma-ray signal GRB 170817A. The present Section is not intended to provide
an exhaustive summary of the large body of literature on this event, but only to
discuss its compatibility with the scenarios presented in Section 2 depending on the
nature of GRB 170817A (i.e. a canonical SGRB vs. a different type of GRB).
The GW data, in combination with the electromagnetic counterparts observed
across the entire spectrum, leave almost no doubt that GW170817 was the merger of
two NSs.16,17 As for GRB 170817A, detected ≈ 1.7 s after the peak of the GW signal
(corresponding to the time of merger), the duration and spectrum of the gamma-ray
emission are (marginally) consistent with the short-hard class of GRBs,24,25 allow-
ing for a possible (and very tempting) interpretation of this event as the smoking gun
evidence for the connection between SGRBs and BNS mergers. However, some ele-
ments cast doubts as to whether this merger was accompanied by a canonical SGRB.
Taking into account the distance to the host galaxy NGC 4993 (∼ 40 Mpc 130,131)
and thus the actual energy and luminosity of the burst, the latter resulted or-
ders of magnitude less energetic than any observed SGRB with known redshift24
gFor instance, if we consider a rather common X-ray plateau energy of 1049 erg 98–100 and an
efficiency of ∼ 0.1 for the conversion of emitted spindown energy into observable X-ray signal, a
spinning down NS remnant with initial central rotation rate of 1 ms and a dipolar magnetic field
of 1015 G (3 × 1015 G) would take about 10 s (1 s), according to the canonical spindown formula,
to release the necessary amount of energy (i.e. 1050 erg).
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(Eiso ' 3 × 1046 erg, Liso ' 2 × 1047 erg/s). Moreover, X-ray and radio afterglows
emerging only around 9 and 16 days after merger26–29 were found inconsistent with
an ultrarelativistic outflow pointing towards us. Further modelling of the prompt
and afterglow emission led to the conclusion that the observed gamma-ray sig-
nal was actually produced by a mildly relativistic outflow along line of sight (e.g.,
Ref. 30, 31, 32, 132, 133), which allows for different interpretations. In particular,
we consider here the following alternatives:
(1) The event produced a canonical SGRB jet pointing ∼ 20◦− 40◦ away from ush
(e.g., Ref. 31). No emission from the jet core was observed, while the sub-
energetic prompt gamma-ray emission was produced by a mildly relativistic
and wide angle cocoon formed around the jet by the interaction of the latter
with the baryon-polluted environment surrounding the merger site. The jet
core contribution to the afterglow will eventually become observable along our
direction in the future, causing a further rising of the afterglow lightcurves;
(2) The incipient jet or outflow launched by the merger remnant was not power-
ful enough to successfully pierce through the baryon-polluted surroundings. In
other words, the jet was choked (e.g., Ref. 30). This resulted in a jet-less, wide
angle (or nearly isotropic), and mildly relativistic outflow. GRB 170817A was
not a canonical SGRB.
The two hypotheses predict a different future evolution of the multiwavelength
afterglow lightcurves, although it is not clear whether future observations will be
able to distinguish and, in that case, it might still take several months before a
final answer is attainable.32,33 For the purposes of the present work, it is however
interesting to elaborate on both possibilities.
3.1. Canonical short gamma-ray burst
Under the assumption that GRB 170817A was produced by a canonical SGRB jet
oriented ∼ 30◦ away from us, the most popular SGRB scenario based on a BH-
disk central engine (Section 2.1) is broadly compatible with the observations. This
includes also the ≈ 1.7 s time interval between the peak of the GW signal corre-
sponding to the merger and the onset of the GRB. If this was an on-axis SGRB
(Γ& 100), such a time interval would be largely dominated by the time for the rem-
nant to collapse to a BH and launch the jet, implying a rather long survival time of
the remnant (& 1 s). Nevertheless, the gamma-ray signal we observed was produced
by a mildly relativistic (Γ∼ few) outflow moving along the line of sight, for which
a significant part of the observed time delay is likely due to the outflow acceler-
ation and propagation before becoming transparent and releasing the gamma-ray
h Note that GW data, combined with the known distance of NGC 4993, only give upper limits to
the viewing angle with respect to the orbital axis. Depending on the value assumed for the Hubble
constant, the estimates give 6 36◦ or 6 28◦.24,134
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photons.i We then conclude that the lifetime of the remnant, although maintaining
an upper limit of ∼ 1 s, might have been also much shorter. In particular, the pos-
sibility of a HMNS remnant collapsing to a BH in . 0.1 s is not in tension with the
observations.j
If there was an electromagnetic spindown emission phase prior to collapse, most
likley it lasted for a rather short time (<1 s) and therefore, even assuming high
magnetic field strengths Bpole& 1015 G, an X-ray plateau of energy comparable to
what typically observed in (a fraction of) SGRBs is not expected. This should then
represent one of those cases in which the TR scenario reduces to the standard
BH-disk scenario (see Section 2.3).
The magnetar scenario (Section 2.2) cannot be completely excluded, although
it seems much less favoured. The major limitation remains the baryon pollution
problem. This merger event likely produced, among the different ejecta components,
a very massive (few×10−2M) and slowly expanding (v. 0.1 c) baryon-loaded wind
ejected isotropically in the early post-merger phase (e.g., Ref. 18, 19, 20, 21, 22, 23,
among others). In absence of a baryon-free funnel along the spin axis like the one
that can only be created close to a BH, even a small fraction of this wind material
expelled before jet formation would have easily obstructed its propagation.
Early observations in the soft X-ray band pointed on the source would have
provided very helpful additional information. Unfortunately, such observations are
missing. The most relevant upper limits were given by MAXI about 5 hours after
the trigger (LX . 1045 erg/s at 2− 10 keV; Ref. 138) and by Swift and NuSTAR
respectively 15 and 17 hours after the trigger (LX . 5× 1040 erg/s at 0.3− 10 keV
and LX . 5×1039 erg/s at 3− 10 keV, respectively; Ref. 139). However, due to their
delay, the above observations would have missed most of the known SGRB X-ray
plateaus. As already pointed out in Section 2.2, covering the time window from a
few minutes up to a few hours in the soft X-ray band is indeed very challenging at
present.
In the following, we speculate on the implications of a detection or a non-
detection of a typical X-ray plateau for the different SGRB scenarios (summarized
in Table 1). An X-ray plateau non-detection would have further favoured a BH cen-
tral engine, since in this case the absence of a sustained and long-lasting X-ray
emission is expected. Within the TR framework, the remnant lifetime (as deduced
from the 1.7 s delay of the GRB, see above) was likely too short to produce a typi-
cal X-ray plateau and thus a non-detection would be consistent. At the same time,
the magnetar scenario would be further disfavoured. If a long-lived NS survived
after the jet was launched, its spindown emission would have powered the ejecta
i From a simple calculation of the photospheric radius based on the fireball model and the for-
mula Rph∼ 5× 1012(Liso/1052 erg/s)(Γ/100)−3 cm 37 and assuming that the outflow proceeds at
constant Γ since the beginning, we find that a delay of 1.7 s could be entirely explained by the
propagation until transparency for Γ≈ 4 (here Liso = 2× 1047 erg/s).
j Note that a HMNS remnant is also favoured by other constraints (not discussed here) based,
e.g., on the GW signal and/or the optical/IR kilonova (e.g., Ref. 135, 136, 137, among others).
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leaving an observable signature. Excluding a release of energy in soft X-rays within
the first few hours, a significant amount of energy (corresponding to a fraction of
the residual rotational energy of the NS remnant) should have ended up in the
budget comprising the kinetic energy of the ejecta plus the energy radiated in the
optical/IR band. Nevertheless, the estimates obtained from the kilonova signal can
hardly accomodate such a large spindown input.135
An X-ray plateau detection would have been more puzzling. In this case, the
BH-disk scenario would have to face the difficulty of producing a long-lasting signal
with a central engine activity only lasting as long as the disk is not entirely accreted
(∼ 0.1− 1 s; see Section 2.1). The TR scenario was proposed as a solution of this
problem while maintaining the assumption that the SGRB jet is launched by a BH-
disk system. However, it would be consistent with this event only if the NS remnant
lifetime was sufficient to release via spindown radiation the energy required by
the X-plateau. Given that the lifetime could not have been longer than ∼ 0.1− 1 s,
this possibility is unlikely. Finally, the magnetar scenario would be more favourable,
overcoming the energy budget limitations discussed above, but the baryon pollution
problem would still represent an important element of doubt. In conclusion, no
scenario would appear entirely satisfactory (see Table 1).
3.2. Choked jet
After considering GRB 170817A as a canonical SGRB observed off-axis, we now
make the assumption that this GRB was instead produced by a failed or choked
jet which was not able to break out of the baryon polluted merger surroundings.
This implies that GRB 170817A belongs to a distinct type of GRBs and some of
the arguments discussed in previous Sections that apply only to canonical SGRBs
are no longer valid. Nevertheless, we can still explore the compatibility of this event
with the different central engine scenarios under consideration.
The main difference with the canonical SGRB hypothesis is that a choked jet is
more favourable for the magnetar scenario. Indeed the prime difficulty of the latter,
namely the production of a successful jet despite the very high levels of baryon
pollution, is now mitigated. In such circumstances, knowing the presence or absence
of early X-ray emission (within minutes to hours from the merger time) and the
associated energy would be of great aid to constrain the remnant lifetime and the
central engine nature. Since a choked jet is conceivable also in the BH-disk and TR
scenarios, our conclusions on those, with or without early X-ray emission, would still
hold. On the other hand, the magnetar scenario could naturally explain the presence
of a choked jet accompanied by long-lasting X-ray emission. The problem related
to the energy budget (see Section 3.1) would persist, but it would be mitigated.
Without early X-ray emission, however, the energy budget would still represent
a strong limitation, leaving serious doubts on the viability of a magnetar central
engine.
Summarizing (see also Table 1), while a canonical SGRB would strongly favour
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a BH engine, in the choked jet case it is more difficult to guess which type of engine
is more likely and early X-ray observations would have represented an even more
crucial tool to discriminate.
4. Summary and Conclusions
Decades of investigation led to the notion that SGRBs are most likely associated
with the merger of BNS and/or NS-BH binary systems. At the same time, the
prompt emission of both long and short GRBs is commonly explained by assuming
the presence of a highly relativistic and collimated outflow, i.e. a jet. The com-
bination of these two elements implies that the remnant of such mergers should
be capable of launching a jet, at least under certain conditions. However, current
models and numerical simulations are still unable to provide a final proof and, at
present, the actual mechanism leading to jet formation and the nature of the central
engine itself (BH vs. massive NS) remain uncertain.
early X-ray monitoring plateau non-detection plateau detection
successful jet Most favourable case for
BH-disk scenario, broad
agreement with expecta-
tions
TR scenario consistent
for a short remnant life-
time of at most ∼ 0.1− 1 s
(most likely case)
Magnetar scenario very
much disfavoured, baryon
pollution problem and
possible tension with en-
ergy budget
BH-disk scenario chal-
lenged by a plateau-like
emission lasting much
longer than the accretion
timescale
TR scenario consistent
for remnant lifetime & 1 s
(unlikely)
Magnetar scenario sup-
ported by X-ray plateau,
but possibly hampered by
baryon pollution
choked jet Same as successful jet for
BH-disk and TR sce-
narios
Magnetar scenario in
possible tension with the
energy budget
Same as successful jet for
BH-disk and TR sce-
narios
Most favourable case for
Magnetar scenario, .
energy budget problem
mitigated
Table 1. Implications of a successful vs. choked jet for the central engine of GRB 170817A,
assuming a detection or a non-detection of an X-ray plateau.
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In this Paper, we discussed such a critical aspect of the connection between
SGRBs and BNS/NS-BH mergers. In particular, we considered three different sce-
narios for the SGRB central engine, pointing out the elements of strength and
weakness of each scenario while taking into account the most recent observational
constraints and theoretical results. These include the leading “BH-disk” scenario
and the most discussed alternative, the “magnetar” scenario. The literature on
SGRBs (and GRBs in general) refers almost entirely to one of these two frame-
works. The third hypothesis we discussed is the recently proposed “time-reversal”
scenario. Inspired by recent results obtained in BNS merger simulations, we pro-
posed here a revision of the original time-reversal model, by which this scenario can
still be considered a viable solution of the SGRB puzzle.
In the last part of the Paper, we focussed the attention on the recent BNS
merger event GW170817 and the accompanying gamma-ray signal GRB 170817A.
At present, it is not clear whether this GRB was (i) a canonical SGRB pointing away
from us or (ii) a different type of GRB in which the incipient jet was choked by the
baryon polluted environment, resulting in a less collimated and mildly relativistic
outflow. Currently, both hypotheses are consistent with the data at our disposal. A
comparison with the predictions of the different scenarios led us to conclude that
a BH-disk central engine is strongly favoured in the case of a successful jet (i.e. a
canonical SGRB), while the choked jet case leaves more doubts on the nature of
the merger remnant (and thus more space for a long-lived NS central engine). We
also discussed how an early observation of the source in the soft X-ray band (within
the first few hours) would have provided key additional information to favour or
disfavour the different scenarios.
The first GW and electromagnetic detection of a BNS merger opened the new
field of multimessenger astronomy and astrophysics with GW sources. More and
more BNS (and possibly NS-BH) merger events will be detected in the near future,
likely offering new valuable insights into the origin of SGRBs and their progenitor
systems. Major progress towards a full understanding of the SGRB phenomenon,
however, will also require a significant advancement of theoretical models and nu-
merical simulations. In particular, in this Paper we encountered a number of key
questions that cannot be directly answered only via new observational data. Is the
magnetic field the main driver of a SGRB jet? What is the role of neutrinos? What
makes different SGRB events have a different prompt gamma-ray emission as well as
different soft X-ray features (i.e. extended emission, X-ray plateaus, X-ray flares)?
Are there more than one SGRB central engine types? How does a long-lived BNS
merger remnant evolve on timescales longer than ∼ 100 ms? Can a massive accre-
tion disk be formed when the remnant collapses on timescales of 1− 10 s or longer?
Which observational signatures would allow us to distinguish SGRBs with a BNS
and a NS-BH origin? Only by addressing these (and other) urgent questions with
more advanced models and simulations will allow us to fully exploit the scientific
potential of future observations.
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